Purpose To evaluate the topographic, tomographic, and densitometric properties of patients with pellucid marginal degeneration (PMD) and inferior keratoconus. Patients and methods Retrospective, comparative case series. Forty-seven eyes of 32 patients with crab claw patterns were identified from 2751 patients with corneal ectasia. They were divided into two groups, inferior keratoconus and PMD, based on clinical findings. The topographic, tomographic, and densitometric measurements were analyzed. Results PMD was detected in 11 eyes of eight patients (mean age 50.2 ± 11.1 years), and inferior keratoconus was detected in 36 eyes of 24 patients (mean age 34.7 ± 10.1 years). The control group consisted of 40 patients (33.1 ± 4.6 years). The thinnest corneal point and maximum anterior and posterior elevation points were located lower in the PMD than in the inferior keratoconus (Po0.01). In the PMD, all deviation indices were higher than the controls (Po0.01), whereas the deviation indices, except Dt (P = 0.960), were lower than the inferior keratoconus (Po0.01). The densitometry values of PMD were significantly higher than those of the controls in all zones and layers (Po0.01) and significantly higher than the densitometry values of inferior keratoconus in the 6-10 and 10-12 mm zones (Po0.05). Conclusion There is a higher probability of a patient with crab claw pattern on the topography of having inferior keratoconus than having PMD. Therefore, analyzing only the anterior corneal surface is not sufficient in differential diagnosis. Tomographic and densitometric evaluations may facilitate the differential diagnosis.
Introduction
Keratoconus and pellucid marginal degeneration (PMD) are bilateral, progressive, ectatic corneal disorders characterized by thinning of the cornea. In PMD, the thinning extends 1-2 mm away from the inferior limbus, and the corneal protrusion occurs above the area of thinning. 1 Crab claw or butterfly patterns on the sagittal topographic map of anterior corneal curvature reveal steepening of the inferior corneal periphery and flattening of the cornea along the vertical meridian. 2 In keratoconus, corneal thinning usually occurs in the paracentral region, and corneal topography shows central or inferior steepening and asymmetric bowtie patterns. 3 Inferior keratoconus, in which the cone is localized away from the corneal center and a crab claw pattern is seen on the sagittal topographic map, is often confused with PMD. 4, 5 However, both prognosis and management of PMD and keratoconus are different, and PMD should be distinguished from keratoconus. 6 A significant number of PMD cases reported in the literature actually have corneal topographies compatible with inferior keratoconus. These eyes do not show the classic band-like inferior thinning that is best demonstrated by a full-coverage (12 mm) corneal thickness map. In inferior keratoconus, the sagittal curvature map does not display the true corneal shape, and it exaggerates the presumed location of the cone. 5, 7 Therefore, analyzing only the anterior corneal surface without additional information is not sufficient in the differential diagnosis of inferior keratoconus and PMD.
The assessment of corneal densitometry in patients with different corneal pathologies has recently attracted increasing attention. 8, 9 Densitometric evaluation provides quantitative data of the transparency of the cornea at different depths and in different zones. For corneal transparency, collagen fibrils should be arranged orthogonally and regularly with a small diameter, and keratocyte distribution must be compatible with it. 10 In ectatic diseases, serious structural changes occur in the corneal stroma, and both the structure and the sequence of collagen fibrils are disrupted. 11, 12 Therefore, the corneal densitometric values increase. 12 When planning this study, we thought that, even though PMD and inferior keratoconus appear similar on sagittal curvature maps, there may be regional densitometric differences because different regions of the cornea are affected and this difference can be used to differentiate the two diseases.
In previous studies, the topographic, tomographic, and aberrometric features of PMD and keratoconus have been assessed several times. 4, 5, [13] [14] [15] [16] However, the number of studies evaluating inferior keratoconus and PMD is limited. 4, 14 The aim of our study was to evaluate the topographic, tomographic, and densitometric properties of patients with PMD and inferior keratoconus to facilitate the differential diagnosis of these two diseases.
Materials and methods
This retrospective, cross-sectional study was conducted according to the tenets of the Declaration of Helsinki. Ethics committee approval was obtained from the Ankara Numune Training and Research Hospital. For this study, we examined the medical records of patients who were seen for corneal ectasia at the Ankara Ulucanlar Eye Training and Research Hospital from October 2013 to October 2016. Inclusion criteria consisted of having a classic crab claw pattern on the sagittal curvature map, detected using the Pentacam HR (Oculus Optikgeräte GmbH, Wetzlar, Germany), with flattening along a vertical or oblique axis at least one diopter and a crescentshaped steepening pattern in the inferior cornea that extended toward the line perpendicular to the axis of flattening. Patients with a crab claw pattern were classified into two groups, based on clinical findings, as inferior keratoconus and PMD. Other corneal ectasia patients with a crab claw pattern on their corneal topography and patients who did not have appropriate data were not included in the study. PMD diagnosis was based on the presence of a crab claw pattern in the sagittal curvature maps and ocular findings, including the typical band-like inferior corneal thinning and protrusion above the thinning, lack of the Fleischer ring, corneal infiltration, and vascularization. 1, 17 The diagnosis of inferior keratoconus was based on the presence of a crab claw pattern in the sagittal curvature maps and at least one biomicroscopic sign, such as a conical protrusion, Vogt's striae, and the Fleischer ring. Eyes with suspect PMD or suspect keratoconus were excluded from the study. The control group was randomly selected from a database of candidates for refractive surgery and contact lens users with mixed astigmatism. One eye of each control subject was randomly chosen. Patients with a history of anterior segment surgery, ocular surface problems, long-term topical eye drop usage, and serious corneal scarring were excluded. The measurements were performed after removing the rigid gas-permeable contact lenses for at least 3 weeks and soft contact lenses for at least 1 week.
All subjects underwent topographic, tomographic, and densitometric analyses via a rotating Scheimpflug camera after the clinical examination. A single expert examiner acquired Pentacam images. Image quality was checked, and only one examination with a high-quality factor was recorded for each eye. The following data were analyzed: (1) Flat K (K 1 ) and steep K (K 2 ) for the central 3.0 mm of the cornea, maximum K (K max ), thinnest corneal thickness, the coordinates of maximum anterior and posterior elevation points in the y axis (best-fit sphere (BFS) set to manual, float, sphere, diameter = 8.0 mm), and corneal aspherity (Q-value in central 30 degree) in the sagittal curvature map from the obtained 12 mm corneal area; (2) Df (deviation of normality of the front elevation), Db (deviation of normality of the back elevation), Dp (deviation of normality of pachymetric progression), Dt (deviation of normality of corneal thinnest point), Da (deviation of normality of relational thickness), final D (overall deviation of normality), average pachymetric progression index (PPI avg ), and average Ambrósio relational thickness (ART avg ) indices in the BelinAmbrósio Enhanced Ectasia Display III analysis; and (3) finally, the corneal densitometry measurement performed over a 12 mm diameter of the cornea.
Corneal densitometry was examined with the densitometry software of the Pentacam HR (Oculus Optikgeräte GmbH, Wetzlar, Germany). It measures the backscattered light over a 12 mm diameter area. This area is further divided into four concentric zones. The first zone consists of a circular area 2 mm in diameter at the center of the cornea, and the second zone is the 2-6 mm annular area around it. The third zone is the 6-10 mm annular area, and the fourth zone is the 10-12 mm annular area. This analysis also provides densitometric values of the cornea at three different depths. The anterior layer consists of the superficial 120 μm, and the posterior layer consists of 60 μm of the innermost cornea. The central corneal layer is between these two layers. The corneal densitometry values are expressed as the pixel luminance per unit volume in the Scheimpflug image, and they are expressed in grayscale units. The measurements range from 0 (maximum transparency) to 100 (completely opaque cornea) according to the degree of backscattering light from the cornea. 8 
Table 1
Topographic, tomographic, and pachmetry-derived parameters of the groups and intergroup comparisons Eye
Statistical analysis
The study data were analyzed using the Statistical Package for Social Sciences (SPSS) software version 22.0 for Windows (SPSS Inc., Chicago, IL, USA). Descriptive statistics were presented as mean ± SD, frequency distribution, and percentages. The χ 2 -test was used in the analysis of the categorical variables. The normal distribution of the variables was tested by visual (histogram and probability graphs) and analytical methods (Kolmogorov-Smirnov test and Shapiro-Wilk test). When parametric analysis was possible, paired t-tests for paired data or Student's t-tests for unpaired data with Bonferroni correction were performed to compare the three groups. When parametric analysis was not possible, Wilcoxon signed-rank test for paired data and Mann-Whitney U-test for unpaired data were performed to compare those groups. A probability level of Po0.05 was considered statistically significant.
Results
The topographic records of 2751 patients with corneal ectasia were examined. A crab claw pattern on corneal topography was observed in 47 eyes of 32 patients. When the medical records of these patients were examined, PMD was detected in 11 eyes of eight patients, and inferior keratoconus was detected in 36 eyes of 24 patients. The PMD group consisted of six male and two female patients with a mean age of 50.2 ± 11.1 years (31-66 years), and the inferior keratoconus group consisted of 12 male and 12 female patients with a mean age of 34.7 ± 10.1 years (18-56 years). The control group consisted of 40 patients (19 males and 21 females) with a mean age of 33.1 ± 4.6 years (17-42 years). The mean age of the PMD group was higher than that of the other two groups (Po0.001 for both), but there was no statistically significant difference between the inferior keratoconus and the control groups (P = 0.458). The percentage of males in the PMD group was statistically significantly higher than in the other two groups (Po0.001 for both). Table 1 shows the results of topographic, tomographic, Belin-Ambrósio Enhanced Ectasia Display III analyses, and intergroup comparisons. The keratometric values and thinnest corneal thickness in the inferior keratoconus group were similar to those of the PMD group. The thinnest corneal point and maximum anterior and posterior elevation points were located lower in the PMD group than in the inferior keratoconus group. Q-values were similar in the PMD and inferior keratoconus groups, but less than those in the control group. In the PMD group, the ART avg was higher than in the inferior keratoconus group and lower than in the control group. The PPI avg was lower in the PMD group than in the inferior keratoconus group, but similar to that of the control group. In the PMD group, all D indices were higher than in the control group, whereas D indices, except Dt, were lower than in the inferior keratoconus group. All measured parameters in the inferior keratoconus group were significantly different from those of the control group. Table 2 shows the corneal densitometry values of the groups and the intergroup comparison. In all groups, the corneal densitometry values were determined to be highest in the 10-12 mm zone. In addition, densitometry values were found to be highest in the anterior layer and lowest in the posterior layer in all zones, and they were significantly higher in all zones and layers of the PMD group compared with the control group. In all layers of the 0-6 mm zone and in the anterior layer of the 6-10 mm zone, the inferior keratoconus group had higher densitometry values compared with the control group. The corneal densitometry values in all layers of the 0-2 and 0-6 mm zones of the PMD group were similar to those of the inferior keratoconus group, but they were significantly higher in the 6-10 and 10-12 mm zones of the PMD group.
Discussion
Because of similar sagittal topographic features, inferior keratoconus is generally confused with PMD. 4, 5 However, as the prognosis and treatment are different, these two diseases must be distinguished. 6 Biomicroscopic findings are very important in differential diagnosis. In keratoconus, biomicroscopic examination usually shows a conical thinning, and the thinnest region is compatible with the most protruding region, whereas, in PMD, there is a band-like thinning and the protrusion is located just above the thinning area. Vogt's striae and the Fleischer ring are generally seen in keratoconus. Despite these different biomicroscopic features, it may be especially difficult to distinguish inferior keratoconus from earlystage PMD, and the differential diagnosis may need to be done by topographic evaluation. However, the sagittal anterior corneal curvature maps may be misleading in patients with inferior keratoconus because they do not accurately reflect the true corneal shape. Moreover, in these patients, the sagittal anterior curvature map exaggerates the presumed location of the cone and causes crab claw appearance as seen in PMD. 5, 7 For this reason, we need more sensitive data for differential diagnosis. Thus, the purpose of our study is to determine distinctive topographic, tomographic, and densitometric features.
In our study, 8 (11 eyes) of the 2751 patients with corneal ectasia had PMD and 24 (31 eyes) had inferior keratoconus. In a study by Lee et al 4 using Orbscan II, 26 of 3993 patients with corneal ectasia had a crab claw pattern in the corneal topography, 6 (9 eyes) patients were evaluated as having PMD, and 18 (27 eyes) as having inferior keratoconus. In both studies, the probability of inferior keratoconus in patients with crab claw patterns on corneal topography was found to be three times higher than the probability of PMD. In the study of Tummanapalli et al 13 where Orbscan II was also used, 34 of 1133 patients with corneal ectasia had PMD. However, true PMD is a very rare disease. Therefore, in this study, patients with inferior keratoconus could have been diagnosed with PMD. Moreover, there are various reports about gender predilection for PMD. In our study, the male ratio in the PMD group was three times higher as in the study of Sridhar et al, 18 which reported the highest number of patients in the literature.
In our study, no significant difference was found between the PMD and inferior keratoconus groups in terms of keratometry values and thinnest corneal thickness values. In the study of Lee et al, 4 the mean keratometry values of PMD patients were higher than those of patients with inferior keratoconus, but the thinnest corneal thickness values were lower in PMD. The difference between this and our study may be due to the different degrees of ectasia because PMD and inferior keratoconus were not graded in either study. In another study that evaluated 49 patients with PMD by Pentacam HR, it was found that K max was lower and the thinnest corneal thickness was higher in patients with PMD than in patients with keratoconus. 16 However, in that study, the borderline between PMD and keratoconus was set at the lower pupil margin for the location of corneal thinning, and, as a result of this, patients with inferior keratoconus can be misdiagnosed with PMD. In fact, it is quite difficult to find 49 patients with true PMD. Moreover, not only patients with inferior keratoconus but also all patients with keratoconus were included in these studies.
As in previous studies, we also found that the maximum elevation points and the thinnest corneal region were lower in PMD than in keratoconus. 4, 13, 14, 16 However, the most important difference in our study from these other studies was that our study examined patients with inferior keratoconus that was topographically similar to PMD, not patients with classical keratoconus, because the differential diagnosis of PMD and classical keratoconus is not as difficult to determine as that of PMD and inferior keratoconus. However, it should be remembered that corneal topography systems usually evaluate the 9 mm central part of the cornea, and, in 45% of the patients with PMD, the thinnest region of the cornea was found to be outside of the 9 mm. 14 Therefore, the thinnest corneal thickness values and their coordinates presented in topography systems may not reflect actual values, and the full pachymetric map (in the 12 mm corneal area) should be evaluated as in our study. In addition, as the peripheral region of the cornea is thicker than the central region, the thinning of the peripheral cornea may not fall below the central corneal thickness in the early stage of PMD. For this reason, the placement of the thinnest points near the center of the cornea does not exclude PMD. In our study, the coordinates of the thinnest corneal thickness and the maximum elevation points in the y axis were evaluated, but not the coordinates in the x axis. Because of the conelike protrusion in keratoconus, the thinnest point and the maximum elevation points are localized near the top of the cone. As PMD has a band-like protrusion, points with similar thickness and elevation values can be localized far from each other on the x axis. Assessment of Scheimpflug images, especially including inferior quadrants and with a full-thickness pachymetric map, may also help distinguish between PMD and inferior keratoconus. In advanced PMD, the Scheimpflug image may show thinning of the peripheral cornea and protrusion over this thinning area. 7 In the study of Tummanapalli et al, 13 the Q-values were found to be 0.14 in patients with PMD and − 0.51 in patients with classical keratoconus. In the study of Koçluk et al, 14 the Q-values were 0.09 in patients with PMD and − 0.54 in patients with inferior keratoconus. In these two studies, it was determined that the Q-value can be used to distinguish between PMD and keratoconus. However, in our study, the Q-value was found to be − 0.05 in patients with PMD and − 0.04 in patients with inferior keratoconus, and there was no difference between the two groups. The difference in the results of our study from those of other studies may be related to the differences in patient selection and measurement methods. It should also be noted that the SD of the Q-values determined in our study was high. The range of the distribution of the Q-values was considerably wider in the study of Koçluk et al, where the study groups were closer to those of our study. For this reason, we think that the Q-values should not be used in differential diagnosis of PMD and inferior keratoconus. Another issue to be considered when interpreting the Q-values and the corneal thickness and elevation values determined in these studies is that the measurement methods, such as Scheimpflug camera and slit-scanning that were used in these studies, may have affected the values.
Belin-Ambrósio Enhanced Ectasia Display analysis provides a more comprehensive display for ectasia screening, especially in refractive corneal surgery candidates. BFS and enhanced BFS are used in this analysis. Enhanced BFS is created by subtracting the 4 mm circular zone (exclusion zone) surrounding the thinnest corneal point. The goal of using enhanced BFS is to increase the sensitivity of the analysis by excluding the ectatic region. In this analysis, the cornea is evaluated first with BFS and then with enhanced BFS, and the difference between the two evaluations is presented as deviation indices (Df, Db, Dp, Dt, Da, and final D) by regression analysis. The normal limits of deviation indices are calculated according to the database of keratoconus patients. 19 To the best of our knowledge, there is no study evaluating the D indices of patients with PMD. In our study, the D indices of patients with PMD were evaluated and found to be higher than those of the control group. All the indices, except Dt, were found to be lower in the PMD group than in the inferior keratoconus group. The reason for this could be that the exclusion zone in patients with PMD may not be able to cover the ectasia area as much for patients with keratoconus because the ectatic zone is cone-shaped in keratoconus and it mostly remains in the circular exclusion zone. In PMD, the ectatic region is wider and band-like in shape; therefore, the part outside of the exclusion zone is greater, and the sensitivity of D indices in patients with PMD may be lower. In addition, when interpreting our results, it should be noted that the BAD analysis was developed for ectasia scanning, that it does not involve the analysis of corneal area outside 9 mm, and that the database used for analysis was obtained from patients with keratoconus. Therefore, BAD analysis may not be suitable for patients with PMD. As is known, corneal ectasia may develop after refractive surgery in patients without any risk factors, and some of these patients may develop PMD in later years. 20 Because refractive surgery candidates are usually young and PMD is most often seen in the later years of life, it may therefore be helpful to use the databases of especially early-stage PMD patients to determine the normal limits of the D indices.
Corneal densitometry values in the central region increase in keratoconus because the epithelial layer structure and stroma are disrupted and the light backscatter increases in parallel. 8, 11, 21, 22 In our study, it was detected that corneal densitometry values increased in the central 6 mm zone in patients with inferior keratoconus, whereas there was no significant difference in the area outside of the 6 mm zone compared with the control group. This finding may show that, although steepening is located at the inferior cornea, structural deterioration in the central cornea is more prominent in inferior keratoconus. Although the densitometric properties of the cornea with keratoconus have been studied previously, the densitometric properties of the cornea with PMD have not been studied. In our study, it was found that the PMD group had significantly increased densitometry values in all zones and layers compared with the control group. This finding may indicate that PMD affects not only the inferior cornea but the entire cornea. Tummanapalli et al 13 also found that the thickness of the cornea in PMD was thinner than normal, not only on the inferior quadrant but also on all quadrants of the cornea. When the PMD group was compared with the inferior keratoconus group, the densitometry values in the 6-10 and 10-12 mm zones were higher in the PMD group. The difference was more significant in the 6-10 mm zone. This difference may be related to lower localization of corneal ectasia in the PMD and the effect of PMD on the wider corneal area. Thus, it should be examined with studies involving a large number of patients as to whether the densitometric difference between the two groups can be used in differential diagnosis. However, this difference must be interpreted with caution. There is a significant age difference between the two groups because PMD is seen at a later age, and, as age increases, corneal densitometry values increase. 23 We have to emphasize one specific point about our study. We classified the patients according to their clinical findings as in previous studies. 4, 13 This classification may be problematic in the differentiation of early-stage PMD from inferior keratoconus. It would be more accurate to use the full-thickness map in these patients. However, we did not classify the patients according to the corneal thickness as extrapolated data are available for some patients in the full-thickness map. This negative condition is due to the retrospective design of our study, and it demonstrates that we could not perform corneal thickness measurements from a 12 mm area with high reliability in some patients. However, we think it would be more appropriate to classify patients according to the corneal thickness map with a 12 mm area with minimal extrapolated data in future prospective studies.
The most important limitation of our study was its retrospective design. We did not measure corneal densitometry at the same time of the day because of the retrospective nature of the study, and this influenced our results because corneal hydration shows a diurnal variation and corneal transparency can be affected by this variation. 24, 25 Another drawback of the study was the small sample size, which may affect the validity of our results. These findings and their clinical significance must be further investigated by studies with larger sample sizes. One of the limitations of our study is that we have not considered the kappa angle. This is pertinent because, as is known, anterior curvature maps may show inferior asymmetric steepening similar to keratoconus in normal subjects, and they can have a significant difference between the measurement axis and the visual axis. 26 Similarly, peripheral steepness can be seen in the sagittal curvature map of the keratoconus patients with a high kappa angle, although the cone is in the paracentral region.
In conclusion, the distinction between PMD and inferior keratoconus must be made and the appearance of a crab claw pattern on the topography is not sufficient for differential diagnosis. Furthermore, it is important to realize that true PMD is a very rare disease, and patients with crab claw patterns on the sagittal map are much more likely to have inferior keratoconus than those with PMD. The presence of an arcuate-shaped peripheral thinning and protrusion on the thin area should be considered on the biomicroscopic examination of these patients. The full 12 mm corneal thickness map and Scheimpflug images must be examined. Biomicroscopic and topographic discrimination may be difficult in early-stage patients. In these patients, the tomographic (thinnest corneal point and maximum elevation points, D indices) and densitometric (6-12 mm zone) evaluation may be helpful in differential diagnosis.
Summary
What was known before K Because of the similar topographic features, inferior keratoconus is generally confused with PMD.
K Anterior corneal surface analysis without additional information is not sufficient in the differential diagnosis of inferior keratoconus and PMD.
What this study adds K PMD is a very rare disease; the patients with crab claw patterns on the sagittal map are much more likely to have inferior keratoconus than those with PMD.
